The RASSF1A tumor suppressor regulates apoptosis and the cell cycle. Results: Loss of microtubule association does not affect the proapoptotic function of RASSF1A but abolishes its ability to modulate the cell cycle and suppress transformation. Conclusion: Regulation of the cell cycle supersedes the proapoptotic effects of RASSF1A for suppression of the transformed phenotype. Significance: This study provides further and unexpected insights into RASSF1A function.
The Ras association domain family protein 1A (RASSF1A) is arguably one of the most frequently inactivated tumor suppressors in human cancer. RASSF1A modulates apoptosis via the Hippo and Bax pathways but also modulates the cell cycle. In part, cell cycle regulation appears to be dependent upon the ability of RASSF1A to complex with microtubules and regulate their dynamics. Which property of RASSF1A, apoptosis induction or microtubule regulation, is responsible for its tumor suppressor function is not known. We have identified a short conserved motif that is essential for the binding of RASSF family proteins with microtubule-associated proteins. By making a single point mutation in the motif, we were able to generate a RASSF1A variant that retains wild-type apoptotic properties but completely loses the ability to bind microtubule-associated proteins and complex with microtubules. Comparison of this mutant to wild-type RASSF1A showed that, despite retaining its proapoptotic properties, the mutant was completely unable to induce cell cycle arrest or suppress the tumorigenic phenotype. Therefore, it appears that the cell cycle/microtubule effects of RASSF1A are key to its tumor suppressor function rather than its apoptotic effects.
RASSF1A is a member of the RASSF 2 family of tumor suppressors. There are six members of the classic RASSF family, which share ϳ30 -50% amino acid homology. All family members exhibit tumor suppressor properties and contain a Ras association domain that allows them to interact with the Ras oncoprotein (1, 2) . RASSF proteins have no intrinsic enzymatic activity but, instead, are thought to act as scaffolding proteins. RASSF1A is the best characterized member and is inactivated by epigenetic silencing at high frequency in a broad range of tumors.
RASSF1A forms a complex with microtubules (3-6) and enhances their polymerization (5, 7) . This property allows RASSF1A to modulate the cell cycle (1, 2, 8, 9) . RASSF1A coimmunoprecipitates with ␣-, ␤-, and ␥-tubulins (3-5, 10), but exactly how RASSF1A interacts with tubulin remains unclear. RASSF1A has been shown to bind directly to several microtubule-associated proteins (MAPs), such as MAP1B, MAP4, and C19ORF5 (MAP1S) (3, 11, 12) . Because these proteins bind tubulin directly, the interaction of RASSF1A with tubulin could be indirect via MAPs.
In addition to microtubules and the cell cycle, RASSF1A also controls at least two apoptotic pathways, Hippo and Bax (13) (14) (15) (16) . RASSF1A activates the Hippo pathway by directly binding the kinases MST1 and MST2 (17, 18) . It activates Bax by directly binding the Bax activator MOAP-1 (13, 14) . Therefore, RASSF1A may both promote apoptosis and restrict the cell cycle, but which property is most responsible for its tumor suppressor properties is not known.
The precise domain of RASSF1A that is involved in its interaction with microtubules has not been clearly defined. Previously, deletion mutagenesis has been used to identify residues 120 -185 as essential for the interaction with microtubules (5) . A subsequent report suggested that association of RASSF1A with microtubules requires two regions within the protein, a five-amino stretch within the ATM phosphorylation site spanning residues 131-135 and a region in the C-terminal SARAH domain spanning residues 300 -305 (4). Both of these deletion mutants suffered defects in their tumor-suppressing activity. However, the large structural disruption likely caused by the deletions makes it difficult to interpret their effects on the biology of the protein.
We have now identified a single point mutant of RASSF1A that completely loses the ability to associate with microtubules. This loss correlates with a loss of binding with all three MAPs known to bind RASSF1A directly. The mutant loses the ability to induce cell cycle arrest but retains the same apoptotic activity as the wild-type protein. Examination of the tumor-suppressive properties of the mutant showed that it was completely defective for the ability to suppress the soft agar growth of tumor cells. We identify the true minimal microtubule association domain of RASSF1A and show that it is the same as the minimum domain required to bind MAPs. Moreover, we show that it is the association with MAPs and the ability to regulate the cell cycle that is essential for the tumor suppressor properties of RASSF1A, not its apoptotic effects.
EXPERIMENTAL PROCEDURES
Tissue Culture and Cell Lines-HEK-293T, COS-7, and NCI-H1299 cells were obtained from the ATCC and cultured in DMEM and RPMI 1640 medium (Corning, Manassas, VA), respectively, supplemented with 10% FBS (Valley Biologicals, VA) and 1% penicillin/streptomycin (Corning). Transient transfections were performed with 1 g of each plasmid DNA using Lipofectamine 2000 (Invitrogen) according to the instructions of the manufacturer. NCI-H1299 stable transfectants were generated by transfecting cells with 2 g of plasmid DNA using Lipofectamine 2000 (Invitrogen) and selecting in 400 g/ml G418. Stable cells were used as an early passage pooled population.
Plasmids and DNA-The pcDNA-HA, FLAG and GFP-RASSF1A, pZIP-HA-RASSF1A, and pCGN-K-Ras12V expression constructs have been described previously (3, 5, 19, 20) . KATE-tagged RASSF1A was generated by subcloning a BamHI/EcoRI fragment from pcDNA3-HA-RASSF1A into pmKate2C (Evrogen, Moscow, Russia). The NORE1A expression construct was obtained from Origene (Rockville, MD), and HA-and FLAG-tagged NORE1A expression constructs were generated by inserting a BglII/EcoRI fragment into the BamHI/ EcoRI sites of pcDNA3.1-HA or FLAG. The FLAG-C19ORF5, FLAG-Mst2, GFP-MAP1A, Myc-Mst1, and GFP-MAP4 expression constructs were provided by Drs. Farida Latif (21, 22) , C. Chien (23) , and J. Chernoff (24), respectively. GFP-tubulin was obtained from Clontech Laboratories (Mountain View, CA). The FAL mutants of RASSF1A and NORE1A were generated using the QuikChange mutagenesis kit (Agilent Technologies, Santa Clara, CA) and PCR, respectively. For RASSF1A, the Leu residue at position 244 was mutated to a Ser, and for NORE1A, the FAL sequence (amino acids 317-319) was mutated to three glycine residues.
Immunoprecipitation and Western Blot Analysis-Total cell lysates were prepared by lysing the cells in modified radioim-FIGURE 1. A, sequence alignment encompassing a portion of the RA domain of RASSF family members with the conserved FAL motif in the boxed area. B and C, HEK-293T cells were cotransfected with expression constructs for HA-tagged RASSF1A wild-type or the FAL mutant and wild-type FLAG-tagged RASSF1A (B) or NORE1A (C), and equal amounts of protein were immunoprecipitated (IP) for FLAG. The immunoprecipitate was fractionated on SDS gels and immunoblotted (IB) with anti-HA and anti-FLAG antibodies. D, HEK-293T cells were cotransfected with GFP-tagged expression constructs for wild-type RASSF1A or the FAL mutant and HA-tagged K-Ras, and equal amounts of protein were immunoprecipitated for GFP. The immunoprecipitate was fractionated on SDS gels and immunoblotted with anti-GFP and anti-HA antibodies. mune precipitation assay buffer (150 mM NaCl, 50 mM Tris (pH 7.5), and 1% Nonidet P-40) supplemented with 100 g/ml leupeptin, 100 g/ml aprotinin, and 1 mM sodium orthovanadate. Immunoprecipitations were performed using HA-, FLAG-(Sigma), or GFP-conjugated Sepharose beads (Allele Biotechnology, San Diego, CA). HA and FLAG antibodies were obtained from Sigma, anti-GFP and TFIIH antibodies from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), and anti-p38 antibodies from Cell Signaling Technology (Danvers, MA). HRP-conjugated Trueblot secondary antibodies were purchased from eBioscience (San Diego, CA), and Western blot analyses were developed using a Pierce ECL detection system (Thermo Scientific, Rockford, IL).
Immunofluorescence-Fluorescence microscopy was performed on cells grown in glass bottom microwell dishes (MatTek Corp., Ashland, MA), and images were captured with an Olympus 1 ϫ 50-FLA inverted fluorescent microscope (Optical Elements Corp., Dulles, VA) with an attached Spot Junior digital camera.
Cell Cycle Analysis-Cells grown in 60 mM dishes were analyzed by flow cytometry using a FACSCalibur flow cytometer (BD Biosciences) essentially as described previously (25) . The percentages of cells in G 1 and G 2 phases of the cell cycle were estimated using CellQuest software (BD Biosciences).
Subcellular Fractionation-Nuclear and cytoplasmic fractions were prepared using the NE-PER nuclear and cytoplasmic extraction reagents (Thermo Scientific, Rockford, IL) according to the instructions of the manufacturer.
Statistical Analysis-Data are reported as mean Ϯ S.D. The statistical significance of differences between the mean values was assessed by Student's t test. Data were considered significant at p Ͻ 0.05.
RESULTS

RASSF Family Members All Contain a Conserved FAL Motif
That Is Not Required for Dimerization or Ras Binding-The six members of the classical RASSF family (RASSF1-6) show structural homology, but there are few areas where the primary structure is completely conserved in all members (1, 2) . One of the few such regions is a three-amino acid FAL motif within the Ras association domain that is common to all of them ( Fig. 1A) . RASSF proteins can bind to the Ras oncoprotein (19, 26 -28) and can homo-and heterodimerize with one another (26) . The crystal structure of NORE1A (RASSF5) bound to Ras has been solved (29) , and although the crystal structure of RASSF1A bound to Ras has not yet been elucidated, the residues in RASSF1A required for its interface with Ras have been determined (29) , and the conserved FAL motif resides in both regions in RASSF1A and NORE1A required for their interactions with Ras (29) . Therefore, we hypothesized that this conserved motif could either be essential for Ras binding or represent the core of a universal dimerization domain. To test these questions, we disrupted this domain in RASSF1A by substituting a serine residue for the leucine residue in the FAL sequence (RASSF1A-FAL) and measured the relative ability of this point mutant to homodimerize and heterodimerize with wild-type RASSF1A and NORE1A, respectively (Fig. 1, B and C) and to bind Ras (Fig. 1D ). Although a very modest reduction in homodimerization was observed, disruption of the conserved FAL motif failed to block Ras binding or heterodimerization. Overall, the results suggest that this motif is not essential for dimerization of the RASSF family members or their interaction with Ras.
The Conserved FAL Motif in RASSF1A Is Required for Interaction with Microtubules-While examining the point mutant protein for the ability to dimerize by fluorescence microscopy, we noticed a dramatic change in its subcellular localization compared with the wild-type RASSF1A protein. Wild-type RASSF1A localized to the microtubules, as expected (3) (4) (5) . However, RASSF1A-FAL localized predominantly to the nucleus, with faint, diffuse staining in the cytoplasm ( Fig. 2A ). Cotransfection of RASSF1A-FAL with wild-type RASSF1A relocalized it to the microtubules, along with the wild-type FIGURE 2. A-D, COS-7 cells were transfected with KATE-tagged wild-type RASSF1A or the FAL mutant (A); cotransfected with GFP-or KATE-tagged RASSF1A(FAL) and KATE-tagged wild-type RASSF1A or empty vector and GFP-tagged NORE1A (B); cotransfected with GFP-tagged RASSF1A(FAL) and MITO-Red (C); and cotransfected with expression constructs for GFPtagged tubulin and KATE-tagged wild-type RASSF1A, RASSF1A(FAL), or empty vector (D). 24 h later, images were captured using a fluorescence microscope (magnification, ϫ100). NOVEMBER 7, 2014 • VOLUME 289 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 31289 RASSF1A (Fig. 2B ), and it showed strong colocalization with NORE1A in the nucleus (Fig. 2B ). The relocalization of the RASSF1A-FAL mutant to microtubules in the presence of wildtype RASSF1A is probably due to its retained ability to homodimerize (Fig. 1B) . In addition to its nuclear localization, the FAL mutant also appeared in cytoplasmic speckles (Fig. 2C ) that colocalized with pDsRed2-Mito, a red-tagged fusion protein specific for mitochondria (Clontech), indicating that RASSF1A-FAL could also localize to mitochondria. This was not observed for wild-type RASSF1A. Therefore, the conserved FAL appears to be essential for the interaction with microtubules. To confirm that the RASSF1A-FAL mutant did not interact with tubulin, we cotransfected RFP-tagged RASSF1A-FAL and GFP-tagged tubulin into COS-7 cells and observed the subcellular localization of the proteins using fluorescence microscopy. Wild-type RASSF1A showed strong colocalization with tubulin in the cells, whereas the RASSF1A-FAL mutant failed to colocalize with tubulin ( Fig. 2D ). In addition, tubulin formed a fine meshwork structure within the cytoplasm when it was cotransfected with the empty vector, but in the presence of RASSF1A, the fine network of fibers became much thicker, indicative of polymerized, stabilized tubulin (Fig. 2D) . The RASSF1A-FAL mutant did not cause thickening of the tubulin fibers ( Fig. 2D ), suggesting that it is defective for tubulin polymerization.
RASSF1A, Microtubules, and Cell Cycle Arrest
RASSF1A-FAL Fails to Interact with MAPs-RASSF1A has been reported to directly bind several MAPs, such as MAP1B and C19ORF5 (3, 11, 21) . These MAPS are known to play a role in the regulation of tubulin dynamics. It seems reasonable to suppose that the interaction of RASSF1A with tubulin is via MAPs, but this has never been confirmed. Because the FAL mutant does not associate with microtubules, we determined its ability to interact with various MAPs, and we found that it does not interact with C19ORF5 (Fig. 3A) , MAP1A (Fig. 3B ), or MAP4 (Fig. 3C ). This is not simply due to the apparent lack of cytoplasmic localization of the FAL mutant because fractionation experiments on the HEK-293T cells transfected with either wild-type RASSF1A or the FAL mutant show no signifi- The immunoprecipitates were fractionated on SDS gels and Western blotted with anti-FLAG, anti-HA, and anti-GFP antibodies. Levels of MAP1A were not measured by Western blot analysis because the size of MAP1A precluded it from entering the gel. However, the intensity of GFP was the same for each transfection, as determined by fluorescence microscopy. IB, immunoblot. D, HEK-293T cells were transfected with HA-tagged wild-type RASSF1A or RASSF1A(FAL). Cells were lysed, and cytoplasmic (Cyt) and nuclear (Nuc) fractions were prepared and analyzed by Western blotting using an anti-HA antibody. p38 and TFIIH were used as markers for the cytoplasmic and nuclear fractions, respectively. cant difference in subcellular localization of the two proteins (Fig. 3D ). This is in apparent contrast with the fluorescence data. Other RASSF family members have been reported to associate with MAPs, for example NORE1A (30) . Therefore, the conserved FAL motif may be critical for RASSF family members to interact with MAPs. To test this, we completely disrupted the FAL motif in NORE1A by substituting the FAL sequence in NORE1A ( Fig. 1A) with three glycine residues (NORE1A-FAL). We then used this mutant in coimmunoprecipitation experiments with the MAP C19ORF5. Similar to RASSF1A, wild-type NORE1A interacted with C19ORF5, but the NORE1A-FAL mutant did not (Fig. 4A) . Mutation of the conserved FAL motif within NORE1A did not interfere with the ability of NORE1A to homo-or heterodimerize with RASSF1A or RASSF2 (Fig. 4,  B and C) .
Inactivation of the FAL Motif Blocks the Ability of RASSF1A to Suppress Growth and Restrict the Cell Cycle-RASSF1A acts, in part, to restrict the cell cycle. To determine whether the ability to bind MAPs and modulate microtubule dynamics is essential for tumor suppression, we stably expressed either wild-type RASSF1A or the FAL mutant in H1299 cells that were null for RASSF1A (31) . Western blot analysis was used to confirm equivalent levels of expression of the RASSF1A proteins ( Fig.  5A, inset) . We then characterized the cell lines for biological phenotype. Cell proliferation analysis showed that wild-type RASSF1A significantly reduced the growth of the H1299 cells, whereas the cells expressing the FAL mutant grew at the same rate as the vector control cells (Fig. 5A ). To determine whether the inability of RASSF1A-FAL to inhibit cell growth was due to cell cycle effects, we transfected HEK-293T cells with expression constructs for either wild-type RASSF1A or the FAL mutant and a vector control and measured the cell cycle profile of the cells 24 h later. Although wild-type RASSF1A induced a G 2 cell cycle arrest, the FAL mutant failed to do so (Fig. 5B) .
The FAL Mutant of RASSF1A Retains Wild-type Apoptotic Properties-In addition to binding MAPs and regulating microtubules, RASSF1A also promotes apoptosis. RASSF1A can stimulate the proapoptotic Hippo pathway by binding the MST kinases (17) . It also binds the Bax-activating protein MOAP-1 to activate Bax-mediated apoptosis (13, 14) . To determine whether the RASSF1A-FAL point mutant was defective for apoptosis, we performed coimmunoprecipitation experiments with HA-tagged RASSF1A or the FAL mutant and Myc-tagged Mst1 or FLAG-tagged Mst2 in HEK-293T cells and found that the FAL mutant interacted with both Mst1 and Mst2 to the same degree as wild-type RASSF1A (Fig. 6A) . To test whether this interaction had any effect on the Hippo pathway, we measured the levels of phosphorylated YAP, a key downstream effector of the Hippo signaling pathway, in H1299 cells stably expressing either wild-type RASSF1A or the FAL mutant ( Fig.  5A ) and found elevated levels of phosphorylated YAP in both the wild-type and FAL-expressing cells compared with the vector control cells (Fig. 6B) . We next performed apoptosis assays and found no significant difference between the mutant and the wild-type protein (Fig. 6, C and D) . In fact, the FAL mutant showed slightly higher activation of caspase 3/7 than the wildtype protein in certain apoptosis assays (Fig. 6D) . These results show that microtubule association of RASSF1A is not required for it to mediate its apoptotic function. Therefore, the FAL mutant allows us to separate these two aspects of RASSF1A biology. RASSF1A is a negative effector of K-Ras (1), and because the FAL mutant was still able to interact with K-Ras (Fig. 1D) , we hypothesized that the FAL mutant would not affect K-Ras signaling. To test this, we used activation of Elk-1, a transcription factor that is activated by K-Ras (32), as a readout of Ras activity and, somewhat surprisingly, found that, although wild-type RASSF1A significantly inhibited K-Ras-induced activation of Elk-1, the FAL point mutant was defective for inhibiting K-Ras signaling (Fig. 6E ). Both K-Ras and Elk-1 have been found to be associated with microtubules (33) (34) (35) . Therefore, the inability of the FAL mutant to inhibit K-Rasinduced activation of Elk-1 while still maintaining the ability to interact with K-Ras may be due to its inability to bind to microtubules. Different pools of Ras have been identified at various subcellular locations, and the different subcellular localization of Ras influences the nature of Ras signaling (36) . Therefore, it is . A-C, HEK-293T cells were cotransfected with expression constructs for GFP-tagged wild-type RASSF1A, RASSF1A(FAL), wild-type NORE1A or NORE1A(FAL), and FLAG-tagged C19ORF5 (A); HA-tagged NORE1A wild-type or the NORE1A FAL mutant and GFP-tagged NORE1A wild-type (B); and GFPtagged NORE1A(FAL) and HA-tagged NORE1A, RASSF1A, or RASSF2 (C). 24 h later, equal amounts of protein were immunoprecipitated (IP) with anti-HA (A) and anti-GFP (B and C) antibodies. The immunoprecipitates were fractionated on SDS gels and immunoblotted (IB) with antibodies to FLAG, HA, and GFP. NOVEMBER 7, 2014 • VOLUME 289 • NUMBER 45 possible that the interaction of the FAL mutant and K-Ras is occurring at additional subcellular structures.
Mutation of the FAL Motif Abrogates the Tumor Suppressor Activity of RASSF1A-RASSF1A can inhibit the cell cycle and induce apoptosis. Which property is primarily responsible for its tumor suppressor activity remains unclear. The experiments described above show that the RASSF1A-FAL mutant is totally defective for the ability to bind MAPs and modulate the cell cycle but is wild-type for the ability to induce apoptosis. When we examined the ability of the stably transfected NCI-H1299 cells to grow in low serum and soft agar, we found that the RASSF1A-FAL mutant had lost the ability to suppress agar growth and was able to induce a significant increase in cell growth after serum starvation, in contrast to the wild-type protein, which suppressed the growth (Fig. 6, F and G) .
DISCUSSION
RASSF1A is one of the most frequently inactivated tumor suppressors identified. It is inactivated at high frequency by epigenetic silencing in a broad range of tumors. It is also inactivated by point mutations in ϳ15% of human tumors (1, 8) . Some tumor types, for example clear cell renal carcinomas, exhibit defects in RASSF1A at almost 100% (1). Exactly how RASSF1A loss facilitates transformation remains unclear. In part, this is because it has multiple biological effects, the best characterized of which are regulation of microtubule dynamics and the induction of apoptosis.
The interaction of RASSF1A with microtubules allows it to modulate microtubule polymerization (3, 7, 37) , cell cycle progression, and mitotic spindle dynamics (5, 10) . Exactly how RASSF1A associates with and regulates microtubules is unclear. We have reported previously that deletion of amino acids 120 -185 abolishes the ability of RASSF1A to interact with microtubules (5), and deletion of two short amino acid stretches (amino acids 131-135 and 300 -305) also results in loss of RASSF1A microtubule binding (4). In addition, deletions within a highly basic region of RASSF1A (amino acids 165-258) and of the Ras association (RA) domain (11) also results in loss of microtubule binding (10) . These previous attempts to define the microtubule association domain of RASSF1A gave results that are somewhat contradictory and confusing. However, all utilized gross deletions that may impact protein folding. We now report that disruption of a conserved FAL motif (Fig. 1A , amino acids 242-244) by a single amino acid substitution abolishes the ability of RASSF1A to interact with microtubules. Because this conserved motif is located within the larger, highly basic domain of RASSF1A, a domain previously reported to be required for microtubule association (10) , our data suggest that at least the minimal region required for RASSF1A to associate with microtubules is this FAL sequence. Whether RASSF1A binds directly to tubulin or whether it is tethered to the microtubules via its interactions with MAPs (3, 4, 11) is not known. Our data demonstrating the inability of the FAL microtubule binding-defective mutant of RASSF1A to interact with multiple different MAPs ( Fig. 3) and microtubules supports a model in which the interaction between RASSF1A and microtubules is indirect via binding to MAPs. This would mean that the FAL motif is conserved between RASSF family members to allow them all to associate with MAPs. This model is confirmed by the observation that mutating the FAL motif in the RASSF family member NORE1A has a similar effect on its interaction with MAPs and implies that all other RASSF family members may interact with MAPs via their FAL motifs.
In addition to binding MAPs and modulating tubulin dynamics, RASSF1A also promotes apoptosis by at least two pathways. It interacts with MOAP-1 (13, 14) , an activator of Bax, as well as with the Mst kinases (17) to stimulate the proapoptotic Hippo pathway. To date, however, it is uncertain whether RASSF1A-mediated tumor suppression requires apoptosis, tubulin modulation/cell cycle control, or both. In this study, by using a single point mutant that specifically abrogates the MAP binding functions of RASSF1A while leaving the apoptotic pathways intact, we have shown that it is the MAP/ microtubule effects of RASSF1A that are the key to its ability to suppress growth and transformation rather than the apoptotic effects. These results are in contrast to previous findings that microtubule binding was required for RASSF1A-mediated apoptosis in response to TNF-␣ (4). This discrepancy may be explained by the use of more disruptive deletion mutations rather than the single point mutant used in this study.
The inability of RASSF1A to interact with microtubules resulted in atypical localization of the protein. We found that it was localized predominantly in the nucleus as well as in a speckled pattern in the cytoplasm that stained positive for a mitochondrion-specific marker. Similar patterns of expression have been observed with other microtubule binding-defective mutants of RASSF1A (3) (4) (5) 38) . Wild-type RASSF1A has also been found in the nucleus (39) . Microtubule association of RASSF1A may be so predominant that it masks these other patterns of subcellular distribution of steady-state levels of RASSF1A. Therefore, RASSF1A may have additional mitochondrial and nuclear functions that are as yet undetermined. However, because RASSF1A has been implicated in binding the DNA repair protein XPA (40), the nuclear location may indicate a potential role in DNA repair. The RASSF1A binding MAP designated C19ORF5 also interacts with the protein LRP-PRC, a mitochondrion-associated, leucine-rich protein implicated in autophagy (41) . Therefore, RASSF1A may potentially link microtubules to mitochondria to modulate autophagic cell death, and, therefore, the RASSF1A-FAL mutant may prove to be a useful tool for revealing the role of RASSF1A in mitochondria.
In summary, we have identified the minimal, shared MAP binding motif in RASSF proteins. Disruption of this site separates the ability of the protein to induce apoptosis from its ability to induce G 2 arrest. The FAL mutant allowed us to demonstrate that it is the non-apoptotic functions of RASSF1A that appear to be the most important for its tumor suppressor phenotype.
